The objective of this paper is to investigate the unsteady cavitating flows of varying temperature liquid nitrogen. Liquid nitrogen cavitating flows in a converging-diverging (C-D) nozzle are carried out with the temperature range from 68 K to 86 K, the pressure in the tanks is within the range of 0.03 MPa~0.30 MPa. The experimental results show that there are two typical cavitation dynamics in varying temperature liquid nitrogen, namely classical mode and thermo-sensitive mode. As the free-stream temperature increases, the cavity area increases to its maximum around the transition temperature and then significantly decreases. Further analysis indicates that the liquid/vapor density ratio D dominates the change of the cavitation dynamics when the temperature is below the transition temperature. The cavity tends to be mushier (smaller bubbles) and longer with the increasing temperature. However, the thermodynamic effects on cavitation, which could suppress the development of the cavitating flow, dominate the change of the cavitation dynamics when the temperature is above the transition temperature. The transition temperature of cavitating flows in liquid nitrogen is between 76 K~78 K, and the transition temperature slightly increases with the increasing cavitation number.
Introduction
Cavitation is a phase-change phenomenon that occurs in the liquid when the local static pressure drops below the saturated vapor pressure, this phenomenon in room temperature water is usually assumed to be an isothermal process [1, 2] . However, the isothermal hypothesis is no longer valid for thermo-fluids. The temperature-dependent physical properties of thermo-fluids are thermosensitive. Furthermore, the significant temperature drop ΔT during the cavitation process changes the local physical properties, and then cavitation dynamics is affected [3, 4] . Cavitation with thermodynamic effects was firstly investigated by Stahl and Stepanoff [5] . They conducted a B-factor method to estimate the thermodynamic effects during phase-change process based on a simple heat balance between these two phases. Holl et al. [6] conducted comprehensive experiments of cavitation in water and Freon 113 under different free-stream conditions with four test models. They developed a semiempirical entrainment theory to correlate the measured temperature drop ΔT. Brennen [1] developed another appropriate thermodynamic parameter named Σ by incorporating the thermodynamic effect into the Rayleigh-Plesset equation for cavitation bubble dynamics. The above parameters propose a criterion to evaluate the strength of thermodynamic effects.
To directly investigate cavitation dynamics of cavitating flows in thermo-fluids, Hord [7, 8] measured the temperature and pressure data around the cavity region in liquid nitrogen and liquid hydrogen under a lot of free-stream conditions, which is the most comprehensive experimental data so far. However, it lacks of unsteady visualization and data because of the technological limitation. Recently, Franc et al. [3] investigated the * Corresponding author, Guoyu Wang: wangguoyu@bit.edu.cn thermodynamic effects on a cavitating inducer in R-114, they found that the development of blade cavitation was suppressed at higher reference temperature due to thermodynamic effects. Cervone et al. [9] carried out experiments in varying temperature water around a NACA 0015 hydrofoil to investigate the thermodynamic effects on cavitation dynamics. They found that the cavity length increased with the increasing free-stream temperature. Ohira et al. [10] experimentally investigated the cavitation instability of subcooled liquid nitrogen in two types of converging-diverging circular nozzle. As the temperature decreases, the cavitation mode changed from continuous mode to intermittent mode, and the transition temperature was approximately around 76 K. Kelly and Segal [11] investigated the cavitating flows of fluoroketone in a wide range of velocities, cavitation numbers, and temperatures. They pointed out the transition from classical to thermo-sensitive cavitation for fluoroketone taken place around T∞=323 K. Zhu et al. [12] experimentally investigated the dynamic characteristics of liquid nitrogen cavitating flow through a venturi tube. The spatial changes of the temperature, pressure as well as the flow rate, together with the visual observation of unsteady cavitation behaviors were presented.
Although the cavitation dynamics in thermos-fluids have been deeply investigated in the past decades, the transition from classical to thermo-sensitive cavitation and the specific thermodynamic effects on cavitation dynamics in a wide range of temperatures are still not well understood. The objectives of this work are to present and evaluate the change of cavitation dynamics in varying temperature liquid nitrogen.
Experimental apparatus and conditions
The experimental apparatus for liquid nitrogen cavitating flows in a converging-diverging (C-D) nozzle is shown in Fig. 1(a) . The apparatus essentially consisted of a run tank (capacity 40 L), the test nozzle and a catch tank (capacity 60 L), all of them are thermally protected with vacuum insulation. The temperature of liquid nitrogen is increased by increasing the pressure in both tanks by closing all the valves. And it is reduced from the atmospheric boiling point by simultaneously reducing the pressure in both tanks by using vacuum pumps. The pressure in both tanks can also be quickly increased by charging high-purity nitrogen gas. At the beginning of the experiment, the liquid nitrogen is flowed back and forth several times between these two tanks to ensure that the temperatures of the liquid nitrogen and the apparatus are steady. In the experiments, after pressurizing the liquid nitrogen in the run tank with high-purity nitrogen gas, the control valve is quickly opened to allow the liquid nitrogen to flow through the turbine flow meter and the test section to the catch tank. The test section is equipped with an assembled converging-diverging (C-D) square nozzle with a stainless steel body, Teflon bottom, and quartz glass side windows. As shown in Fig. 1(b) , the test section is a C-D nozzle with an overall length of 258 mm, the inner width of 5 mm, inner heights of 20 mm on both upstream side and downstream side. The actual height of throat is 1.58 mm (the design value is 1.5 mm), which is measured by a series of needle gauges at room temperature. 
Results and discussion
The cavitation number σ, which is defined in Eq. (1), is used to characterize the state of the cavitating flow. An example of typical cavitating flow observed in the experiments is presented in Fig. 2 , which includes the original visualization, the schematic interpretations drawn and the processed cavity area via an in-house feature-recognition code [13] . For every moment, the original image is firstly changed into the grayscale image.
Next, the grayscale value of each pixel is changed to be 255 (white) if its original grayscale value is above 100 (clean the background). And then, the wall in the image is cut by using a non-cavitation image. Finally, the cavity area is calculated by counting the numbers of the pixel whose grayscale value is not 255. The time evolution of the cavity area over a period of 1 s (12000 images) is processed for each test condition. And then, the cavity scale, the development of cavitation and the frequency analysis are quantitatively characterized. boundary indicates that the visualization window has been fully filled with cavity. It is worth noting that the cavity area increases and then decreases with the increasing temperature under the same cavitation number. The cavity area increases to its maximum value when the temperature is around 78 K. This behavior is quite different from the cavitation behaviors with strong thermodynamic effects in liquid nitrogen we used to know, while it is similar to the change of cavitation dynamics in varying temperature water and fluoroketone [4, 9, 11, 14] . The change tendency in Fig. 3(a) is not convincing because the throat velocities of these test conditions are different. And hence, cases with similar throat velocity (Uthroat≈13.8m/s) are selected and illustrated in Fig. 3(b) . It is found the change tendency is almost the same as that in Fig. 3(a) . As the temperature increases, the cavity area increases to its maximum value at the transition temperature (76 K~78 K) and then decreases under the same cavitation number. It is also found that the transition temperature slightly increases with the increasing cavitation number. To further show the behavior change of cavitating flow in varying temperature liquid nitrogen. Typical of attached and shedding cavity along the diverging section for these eight cases (black square ■ in Fig. 3(b) ) under the same cavitation numbers and similar throat velocity are illustrated in Fig. 4 . It is shown the length of attached cavity for cavitation number σ=1.41 is approximatively 10 mm, while the length for cavitation number σ=1.98 is only approximatively 5 mm. Since the attached and shedding cavities appear as shadows, the darker is the color, the greater is the fraction of the vapor phase. It is found the liquid-vapor interface of shedding cavity is clear for Tthroat=73.06 K and Tthroat=74.16 K, where cavity is observed to disappear immediately after shedding.
As the throat temperature increases, the shedding cavity turns to be mushier and frothier. Bubbles inside and around the shedding cavity turn to be smaller and collapse more slowly. It is because the liquid/vapor density ratio D is relatively large when the temperature is close to its triple point. Meanwhile, the local changed temperature due to thermodynamic effects is small. Assuming cavitation occurs in a finite volume, there is only one nucleation site in this finite volume, and all the liquid in the finite volume evaporates. The radius of a single spherical cavitation bubble can be conducted from the mass conservation, (r^34π/3=Vv=Vlρl/ρv=VlD). For cavitating flow, large density ratio D means large radius bubbles forming the cavity, and hence, the interface of the cavity is clear As the throat temperature increases, bubbles inside the cavity turns to be smaller because of the reduced density ratio D, the smaller bubbles tend to move more quickly, separate and coalesce more easily, so that the cavity turns to be mushier and frothier as observed in Fig. 4 .
The increase of cavity area is because the thermodynamic effects on cavitation, which could suppress the development of cavitation, are relatively slight when the temperature is close to its triple point. Meanwhile, the smaller bubbles inside the cavity tend to collapse more slowly and move more quickly with the increasing temperature. However, the thermodynamic effects significantly enhance with the increasing temperature. The influence of density ratio D is less than the thermodynamic effects when the temperature is above the transition temperature. And then, the cavity area significantly decreases with the increasing temperature. The transition means the cavitation dynamics transits from the classical mode to the thermo-sensitive mode. It is found that the transition temperature slightly increases with the increasing cavitation number in Fig. 3(b) . This is because thermodynamic effects are reduced due to less mass transfer from liquid to vapor under higher cavitation number.
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